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Abstract—A three-dimensional computational fluid dynam-
ics (CFD) method has been developed to simulate the flow in
a pumping left ventricle. The proposed method uses magnetic
resonance imaging (MRI) technology to provide a patient
specific, time dependent geometry of the ventricle to be
simulated. Standard clinical imaging procedures were used in
this study. A two-dimensional time-dependent orifice repre-
sentation of the heart valves was used. The location and size
of the valves is estimated based on additional long axis
images through the valves. A semi-automatic grid generator
was created to generate the calculation grid. Since the time
resolution of the MR scans does not fit the requirements of
the CFD calculations a third order bezier approximation
scheme was developed to realize a smooth wall boundary and
grid movement. The calculation was performed by a Navier—
Stokes solver using the arbitrary Lagrange—Euler (ALE)
formulation. Results show that during diastole, blood flow
through the mitral valve forms an asymmetric jet, leading to
an asymmetric development of the initial vortex ring. These
flow features are in reasonable agreement with in vivo
measurements but also show an extremely high sensitivity
to the boundary conditions imposed at the inflow. Changes
in the atrial representation severely alter the resulting flow
field. These shortcomings will have to be addressed in further
studies, possibly by inclusion of the real atrial geometry, and
imply additional requirements for the clinical imaging
processes.

Keywords—Patient specific, Modeling, MRI, Computational
fluid dynamics, In vivo, MRI flux, Magnetic resonance
imaging, Ventricle, Blood flow simulation.

INTRODUCTION

With cardiovascular diseases being the number one
cause of death in the western world, great scientific
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effort is put into understanding this organ’s structure
and function. Starting from a microscopic level,
holistic approaches have highly increased our knowl-
edge about the hearts function as a muscle,'**”* but
little about its function as a pump.

The heart is a complex system whose function is not
only governed by fluid-dynamics, but also by struc-
tural-dynamics and electro-dynamics. The efforts to
create a holistic fully coupled model of the heart’s
function are not yet applicable on a clinical patient
specific base. With the aim of clinical application a
simplified, separated approach is suggested.

In recent years, there have been growing efforts and
successes in three dimensional CFD simulation and
high resolution 3D measurements of the motion and
blood flow of the heart. Experimental studies based on
Echo-Doppler or Phase-Mapping MRI measure-
ments'®'%!7 as well as simulations on generic mod-
els®?2%3% have provided insight into the complex
asymmetric vortex formation at the mitral orifice. The
asymmetry in these vortices is considered a crucial
feature in the ventricular flow pattern. Based on the
slightly elongated, basically ellipsoidal geometry of the
ventricle an efficient flow with low losses has to mini-
mize the overall acceleration and deceleration during
the pumping cycle as well as overall energy dissipation.
This can be achieved by the asymmetric ring vortex
pattern that has been observed experimentally as well
as numerically. While earlier works suggested that the
asymmetry was induced by the inner mitral valve tip,
Pedrizzetti and Domenichini®*° have shown that the
vortex is born from the inlet jet shear layer that rolls up
due to the viscous forces exerted onto the jet core by
the initially resting fluid in the ventricle and corre-
sponds to the well known ring vortex behind an
annular orifice. Furthermore their results suggest that
the asymmetric vortex growth is the result of the lateral
displacement of the mitral valve from the ventricle
axis.
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From a fluid dynamicists point of view the numer-
ical models of the heart can roughly be divided into
two types: firstly, the models which take into account
the interaction between the fluid flow and the motion
driving it: the fluid—structure interaction (FSI) models,
including fictitious domain models'®:!%:23:243341 3p4
coupled FSI models.”***> And secondly those that
take the movement of the inner ventricular wall as a
boundary condition: the prescribed geometry mod-
els.? 2133363840 Both models cannot be considered as
alternatives to each other but as approaches in their
own right.

While a coupled FSI approach is promising for fu-
ture work and is pursued in parallel work.,® the
numerical schemes necessary to simulate the coupled
systems are not yet fully developed and tested. For a
clinical status quo analysis and evaluation of intraven-
tricular flow a prescribed geometry model is better
suited. This statement is based on the assumption that
the effect of forces exerted by the heart muscle onto the
fluid are much larger than the effect of wall forces
exerted by the fluid back onto the muscle tissue. Based
on the results of this study, Baccani ef al.>> and Saber
et al. ¥ there is no evidence that this assumption is not
true for the systole and comparison with FSI simula-
tions® shows similar flow patterns also for diastole.

We present a prescribed geometry approach based
on patient specific MR data, which can be acquired
using standard clinical imaging procedures and thus
will not put additional stress on the subject. The
method is independent but similar in approach to
Saber er al.*>~° but includes an advanced valve model
where Saber er al.***¢ uses simple pressure boundaries.
As it was shown in Long et al.’! the intra ventricular
flow is highly sensitive to changes in simple pressure
boundaries.

The method will be part of a framework for heart
simulation (KAHMO, Karlsruhe Heart Model). A
functional method to simulate and classify the overall
flow structure can help the clinical cardiologist to
decide, if surgery is necessary and which surgical
method is applicable.

METHODS

Magnetic Resonance Imaging

All experiments were carried out on a Siemens
Sonata 3 T system (TRIO, Siemens Medical Solutions,
Erlangen, Germany, gradient performance: 40 mT/m
in 200 s) using an eight-element phased array body coil.

Two different sets of MRI data have been acquired.
One intensity scan for reconstruction of the ventricular
geometry and one phase coded flux scan for mapping
of the blood flow.

Geometry Measurements

ECG-gated CINE images are acquired using
k-space segmented scan procedures usually based on
gradient echo or segmented EPI pulse sequences.':'**°

Image acquisition was performed with a retrospec-
tively cardiac gated balanced rf-spoiled gradient echo
sequence with TE/TR = 2.8/3.4 ms and a bandwidth
of 450 Hz/pix. The flip angle was set to 15°. With 9
echoes acquired per cardiac frame and a data matrix of
126 x 192 (325 x 400 mm> FOV, pixel size 2.6 x
2.1 mm?), a temporal resolution of 30.6 ms was
achieved. Images were acquired in a short axis orien-
tation with a slice thickness of 5 mm. The entire heart
including left and right ventricles and atria was covered
with gapless slices from basis to apex. To eliminate
breathing artifacts, all measurements were performed
during breath-holding on a slice-by-slice basis.

Flux Measurements

In addition to the geometry measurements velocity
phase mapping scans>*'** have been taken for one
characteristic slice.

2D MR velocity mapping data were acquired using
an rf-spoiled gradient echo sequence with interleaved
3-directional flow velocity encoding. Measurements
were performed during breath-holding and prospec-
tively gated to the ECG cycle. Further imaging
parameters were as follows: flip angle = 15°, venc =
150 cm/s, TE = 3.4 ms, TR = 6.4 ms, temporal reso-
lution 63.6 ms, band width of 650 Hz/pix. MR mea-
surements were performed in a four-chamber view
(rectangular FOV = (300 x 400) mm?) with a slice
thickness of 8 mm with an in-plane spatial resolution
of (2.0 x 1.6) mm?.

Segmentation

The high contrast MR images were used to deter-
mine the three dimensional shape of the left ventricle
endocardium for each scan time. Drawing these con-
tours manually in every slice image is a very time
consuming and tedious task. To ensure a consistent
and accurate segmentation a semi-automatic proce-
dure is employed. The segmentation was performed by
Fraunhofer FIT using an in house tool using the Live
Wire or Intelligent Scissors method® based on the
graph theoretical Dijkstra algorithm. The method is
able to determine the endocardium contour in an MR
slice from few seed points without the need to draw the
contour exactly.

Contours in spatially or temporarily adjacent slices
usually differ only slightly. This can be used to reduce
overall segmentation time and the need for interaction.
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FIGURE 1. Segmentation of the endocardium wall of the left
ventricle (green) from a short axis slice using the Live Wire
algorithm.

If a neighboring contour for a slice that is to be seg-
mented exists, a distance image of the adjoined contour
is calculated.?” Cost calculation in the new slice is then
reduced to a local search area defined by a maximum
distance from the neighboring contour (see Fig. 1).
Path costs are modified based on the neighboring
contours.”>” This is partially automized such that
contours are propagated spatially (from apex to base)
and temporarily (from end diastole to end systole)
onto neighboring slices and the global minimum of the
cost function in the search area around the propagated
contour is used as the segmented contour on the new
slice.'*!> Usually the neighboring contours have only
to be checked for correctness. Corrections to single
contours are automatically propagated further, so
propagating errors can easily be corrected.

Natural contours in medical imaging seldom have
sharp angles or bends. Segmentation algorithms often
include a smoothness condition. The life wire algo-
rithm does not have such a condition. Thus very sharp
and ragged contours can be calculated. Following® the
graph is modified such that only edges forming a
maximum angle of 45° with the previous edge on the
path are considered for calculation. This reduces the
local curvature of the segmented contour.

The valves cannot be segmented as accurately as the
geometry of the ventricle endocardium. Most MR
measurements lack sufficient resolution in the valve
areas to segment enough base points for a description
of the valve position and shape. To increase the
number of base points on the valve ring additional

long axis slices are defined which intersect with the
valve ring in at least 4 positions. The intersection
points on the valve ring are segmented manually.
Additionally the angle between the valve rings is
measured in the long axis slices. Using this information
the valve ring position for the aortic and the mitral
valve is reconstructed.

Since the MRI data did not have any information
on tissue velocity the moving wall boundary condition
has to be derived from the change in position between
two following scans. This results in a high error with
regard to local radial velocities and a complete neg-
lection of tangential velocities. Due to the nature of
accelerated or decelerated flow the friction boundary
layers are expected to be very small and the effect of
the wall velocity on the bulk flow to be negligible. The
change of volume can be estimated within a range of
+9% for a very high contrast image as was used in this
study.

Numerical Method

The simulation of the fluid flow is performed using
the finite volume method in the arbitrary Lagrange—
Euler (ALE) formulation for moving grids as imple-
mented in the commercially available Star-CD solver
(Computational Dynamics Ltd., London).

For an arbitrary volume V" with surface S moving
with local surface velocity vg the integral form is as
follows

g/pdVJr/p(v—vs)mdS:O (1)

ﬁ/ pvdV + /(pv(v —vVs)+pl—1)-ndS=0 (2)
ot Jy s
where p is the fluid density, v the fluid velocity vector in
the fixed coordinate system, vg the velocity vector of
the boundary S of the control volume ¥, n the normal
outward unity vector of this boundary, p the pressure,
I the unit tensor and 7 the viscous stress tensor.
Though blood is a non-Newtonian fluid the viscous
stress tensor is still being modeled by:

6u,~ 8u,
Tjj = Heft (8_x, + 8_x,> (3)

where ¢ is the local viscosity, which is adapted to the
local shear rate (see section ‘“Viscous Model”).

V in Egs. (1) and (2) is an arbitrary volume with
surface S. The approximation schemes used in this
work are a modified linear spatial and a temporal time
stepping scheme (MARS and Euler implicit,'" respec-
tively). The resulting algebraic equation system is
solved using the implicit PISO algorithm.
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Viscous Model

The rheology of blood is very complex. Several
rheological models on different levels are described in
literature. The most complex models are taking into
account the time history of the corpuscle agglomerates.
Since the typical aggregation time is about one order of
magnitude higher than the heart cycle time while the
disaggregation is virtually instantaneous, a Eulerian
model that modifies the viscosity based solely on the
shear rate is used. The model used is based on the
Cross model with modifications by Perktold.**> For a
three dimensional flow the viscosity—shear relation is:

(4)

Fmp)) ~ Hoo _ !
- a
Ho ™ foo (1 + (;v-2~/11p|)b)

with gy = 0.135 Pa s and u.. = 0.03 Pa s, the asymp-
totic viscosity for low and high shear rates, respec-
tively; IIp, the second invariant of the shear rate
tensor; A =0.5s, a time constant (adapted for a
change rate of 2 Hz) and the model constants a = 0.3,
b = 1.7. Figure 2 shows the viscosity over the shear
rate. The typical shear rate that was observed in our
simulation ranges from 5 to 100 s~'. The volume
averaged viscosity varies between 5 to 6 mPa s.

Grid Generation and Movement

The presented model is a prescribed geometry model
using a moving grid without modification of grid
topology. Simulation is performed in a discontinuous
time stepping fashion, i.e. the solution for each time
step is calculated on a new grid, surface velocities for
the ALE formulation are calculated from the differ-
ences between the current and the former grid.

For each segmented geometry a separate grid has to
be generated which is topologically identical to all
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FIGURE 2. Blood viscosity over shear rate.

other grids. This is achieved by using a block struc-
tured hexahedral type grid. A semiautomatic grid
generation technique was developed especially for this
study. For each segmented endocardium geometry a
tubelike base grid is projected onto the segmented
surface giving identical vertex distributions adapted to
the individual geometry. These vertices describe splines
which together with the respective splines for the valve
ring form the basis for the grid topology. The grid
topology consists of two so-called O- or Butterfly-
Grids for the inlet and outlet tracts which are com-
bined to form the intraventricular grid. Figure 3 shows
the grid for the ventricle and the block topology of the
inlet and outlet and the intraventricular grid. Grid
dependency studies performed for topologically iden-
tical grids with cell numbers ranging from 20,000 to
500,000 show that the global flow features do not
change for cell numbers above 100,000 even if the
vortex breakup shows more and more details as spatial
and temporal resolution is increased. While the grid
moves the quality was monitored and simulation
stopped when grid quality fell below the threshold of
maximum face warp angle of 50°. For high cell num-
bers >400,000 the grid quality could not be kept
during the grid movement, results were therefore not
used in the comparison. Based on this a grid size of
100,000 is sufficient to capture the global flow structure
with reasonable effort. It has to be noted, that this
rather coarse grid is not suitable to fully resolve the
vortex breakup that occurs in the ventricle, but filters
the small scales. To resolve all scales of vortices a much
finer grid would be needed.

The temporal resolution of the MRI data is too
rough for the numerical simulation. Therefore inter-
mediate grids have to be calculated from the base grids
at the scan times. For the given scan resolution of 17
grids over one heart cycle 50 intermediate steps be-
tween the 17 reconstruction grids are needed for the
used grid to keep the flow and grid Courant numbers
close to unity resulting in 850 timesteps for one cardiac
cycle. The intermediate grids can be calculated by
interpolation or approximation methods. Former
studies with linear interpolation of the grid’s move-
ment showed high discontinuities in the pressure
solution due to the resulting discontinuities in grid
acceleration. Higher order interpolation splines on the
other hand involve the solution of an additional
equation system for each vertex, adding significantly to
the overall simulation cost. To alleviate these issues a
third order Bezier-Spline approximation method was
used which is twice continuously differentiable. This
approximation curve can be calculated independently
for each vertex from the positions of each vertex in the
base grids. The position of each vertex moves in time
according to Eq. (5):



MRI-Based CFD Analysis of Flow in a Human Left Ventricle

<

0
G

()
()
0!
35

e et
sssgeceen
it
T W s
o s
e e
e e e e
e e
S e e
I e s s o e
B e =
ST
e e e
e e e
ST N
S W
RS
RS NN
RS T v
\Sesufuys! ST
RRSCTATATAS SS
N iesesess; NS
N\i15ssess N S
\\iesssey N
\\!
\ O NYH
\ ““‘ SSSS

5
,42/ /A 1

77

i
7

17777
11777 24
2 Z
1777
e

x(£)=(1=1) bg;+3-(1=7)-1-by,
+3-(1=1)- 1% by +1° by, (5)

with the Bezier points:

1
by ; =< (Viei +4V,+ Vi)
1
by =3 (2Vi+ Vi)
1 )
by =3 (Vi+2Vi)
1
b3 ; 3 (Vi+4Vi1 4+ Vi)

and 7" € [0,1] for each of the 17 scan time intervals.
Figure 4 shows the resulting trajectory in compar-
ison with the linear polygonal trajectory. It can be
shown that a higher order bezier spline represents the
fixed points V, with lower fidelity than a lower order
approximation and will never meet the exact geome-
try given for the 17 segmented measurements.
Figure 5 shows the approximated relative ventricular
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FIGURE 4. Third order Bezier trajectory of one grid vertex. V;
is the position of the vertex at the fixed grid time i, b, are the

Bezier points. In the simulation each vertex is moved along
the resulting Bezier spline.

volume (line) over time (related to end diastolic vol-
ume V) compared with the volume of the base grids
(dots) for the segmented geometry. The scale at the
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time or phase axis corresponds to the 12 phases
measured in the MRI flux measurements used in the
validation (see section “Comparison of Simulated and
Measured Intraventricular Flow Patterns’’). The exact
positions in the base grids are only approximated by
this approach, slightly altering the base geometry, but
approximation errors are well within the segmenta-
tion error width of £9% and are therefore neglect-
able. The time step size can be adapted to the cell
sizes.

Valve Representation

Since the position and time dependent shape of the
valve leaflets were not extractable from the MRI scans
and it was not possible to incorporate a moving valve
leaflet in the grid topology, the valves were represented

(e TR

V/Vq

— approx. vol
\ { e segm. vol.

FIGURE 5. Approximated volume over time and segmented
volumes. Segmented volumes are shown for the 17 MRI
geometry measurements while the phases on the abscissa
correspond to the 12 phases of the MRI flux measurement.

by a two dimensional planar model. The model plane is
the anular plane defined as described above. Onto this
plane a generic opening area is projected. In the cur-
rent simulations the valve geometry could not be
measured for the actual subject. The opening area is
therefore derived from 3D echocardiographic scans of
sound aortic and mitral valves as well as from ana-
tomical literature and adapted to the size of the valve
derived from the MRI scans.

Numerically the valves are represented by a tem-
porally and spatially variable pressure drop, realized
by so-called ““baffle” boundary conditions. The pres-
sure drop is varied from infinite (closed valve area) to
zero (open valve area). An intermediate pressure drop
is defined for the border of the opening area, to
smoothen the resulting jet profile in the same way as
the three dimensional valve geometry does. By adap-
tion of the intermediate pressure drop coefficient the
evolving jet can be controlled such that the evolving
velocity profile can be adapted to profiles measured in
Echo- or MR-Flux measurements. If a measured
velocity profile is available from an in vivo measure-
ment the model parameters can be adapted such that
the simulated velocity profile at the valve can be fitted
to the measured one.

Figure 6 shows the opening process of the mitral
and aortic valve model over 4 time steps, black is
infinite, white is zero pressure drop, gray are the
intermediate areas.

This valve model is neglecting any effects the mitral
valve leaflets might have on the flow. A matter which is
a point of vivid discussion in literature.**'®!” On the
one hand the valve leaflets are very subtle and thus
likely to orient themselves along the shear surfaces
evolving in the flow. On the other hand the anterior
leaflet of the mitral valve is located about one third
from the central axis of the ventricle in front of the
aortic outflow tract blocking this area from the flow.
The effect of these facts on the overall flow structure is
still to be evaluated.

FIGURE 6. Opening sequence of projected heart valve model. Closed surfaces are black, free surfaces white. Gray denotes the

transition area.
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Boundary Conditions

The heart cannot be considered an isolated organ.
The flow variables at the boundaries of the simulation
area are not independent of the results of the simula-
tion itself. It is therefore not possible to set realistic
pressure boundary values at the mitral and aortic
valve. Fortunately the incompressible balance equa-
tions for mass and momentum are not dependent on
the pressure but on it’s gradient and all pressures in the
equation system can be treated as relative pressures.

Therefore a relative pressure boundary conditions
was set at the respective open valve tract:

A
p=const., - =0.
The calculated pressures are to be evaluated in relation
to the respective vessel pressure (pulmonary or aortic
pressure). Since the systolic aortic pressure is typically
more than 15,000 Pa higher than the pulmonary
pressure the evaluation of the pressure-volume relation
and by that the power output of the ventricle is only
possible if these pressures are known from measure-
ments or additional computation. This boundary
condition dilemma is common to many biomechanical
flow simulations. A one dimensional model for the
human circulatory system, based on Naujokat and
Kiencke,”® which will be coupled with the three
dimensional ventricle model, is currently developed, to
provide realistic pressure boundary conditions.

To minimize the influence of the uniform pressure
assumption on the intraventricular flow field the
boundary location was moved upstream from the
mitral and downstream from the aortic valve plane.
This was done by inclusion of generic atrial and gen-
eric aortic geometries. As it was shown in Long er al.”!
and as will be shown in this work, the outflow and
especially the inflow representation has a severe impact
on the flow in the ventricle. Therefore future models
will have to incorporate physiological atrial and aortic
geometries to provide more realistic boundary condi-
tions. These atrial and aortic geometries will have to be
acquired by the MRI scans.

RESULTS

Integral Values: Volumes, Ejection Fraction

Figure 5 shows the normalized intra ventricular
volume over time for the 17 segmented grids and the
approximated volume of the moving simulation grid.
For a heart rate of 79 min~' the end diastolic volume is
166 ml, the end systolic volume 64 ml. This gives a
stroke volume of 102 ml or an ejection fraction of
61.5% and a cardiac output of 8 1/min. These values

are at the upper end of but well within the range typ-
ically measured in males.?” It has to be mentioned here,
that the fluid volumes evaluated from the MRI mea-
surements include the volume taken up by the papil-
laries and trabeculae which are not resolved in the
MRI scans. This effect slightly increases the measured
volumes in our simulation. While this is of lesser
importance when comparing ejection volumes and
fractions between hearts, it might account for dis-
crepancies in measured and simulated velocities across
the valves.

In- and Outflow Velocities, Velocity Profiles

Comparison of in- and outflow velocity profiles in
the valvular plane gives insight into the fidelity of the
segmentation, the valve representation and the overall
flow structure in the ventricle. The numerical results
are compared with results from the MRI flux mea-
surements. The flux measurements were available in
one four-chamber view plane. The velocity profiles
were extracted from the intersection lines between the
measurement plane and the valvular planes. The
extraction lines are displayed in Fig. 7. In Fig. 8, the
simulated velocity profiles (lines) are compared with
the measured velocities (dotted lines) for three points
of time in the heart cycle: For the beginning (phase 6)
and end of diastole (phase 8) the velocity profiles over
the mitral valve are shown and for the systole (phase 1)
we see velocities over the aortic valve. The phases
correspond to the phases of the MRI flux measurement
as shown in Fig. 5. In all cases the velocity component
normal to the valve plane is shown.

The velocities were measured from MRI slices of
8 mm thickness. This will result in an averaging of
velocities within that region. As a result, spatial aver-
aging may occur which can result in underestimation
of peak velocities.

FIGURE 7. Location of flux profiles. Dot denotes the origin.
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FIGURE 8. Velocity profiles over the mitral valve (beginning
and mid-diastole: phase 6 and 8) and the aortic valve (begin-
ning systole: phase 1).

The comparison shows good agreement with regard
to magnitude and profile for the diastole. The kink in
the velocity profile that develops in the later phase 8 is
slightly more pronounced in the simulation. For the
systolic phase the velocity magnitude is overpredicted
in the simulation. This is due to an underestimation of

the diameter of the aortic valve in the simulation. As
said in section ‘“Segmentation” the valve rings are
segmented from limited data and therefore the uncer-
tainty is rather high in the aortic valve area. In this case
the segmented diameter for the aortic valve ring is
20 mm compared to the 22 mm measured from the
2-chamber long axis slice from the MRI flux measure-
ment. This 10% discrepancy in diameter accounts for a
21% discrepancy in valve orifice area and velocity.

Comparison of Simulated and Measured
Intraventricular Flow Patterns

For validation of the overall model in vivo data on
the flow in the simulated ventricle is necessary. The
in vivo flow data is taken from the MRI flux mea-
surements which were performed in the four chamber
plane as described in the section ““Magnetic Resonance
Imaging”. Figure 9 panel A shows the flux measure-
ment data. Velocity is color coded from blue (0 m/s) to
red (0.7 m/s). In the beginning of diastole a ring vortex
is formed behind the mitral orifice. During the course
of the ventricular filling an asymmetry of the ring
vortex and dominance of a clockwise overall rotation
can be seen. For late ventricular filling the vortex
breaks up partly.

Panel B of Fig. 9 shows the results from the simu-
lation. The comparison between measured and simu-
lated flow fields shows good overall agreement for the
initial filling phase. The development of the vortex in
the beginning of the diastole (A7 and B7) shows very
good agreement. Later into the diastole (A8 and BS)
the ring vortex grows asymmetrically with the left hand
side growing stronger. This effect is more distinct in the
measurement (A8) than in the simulation (B8). In the
last third of the diastole (A9, B9), which corresponds
to late ventricular filling the velocities are low and the
measurement results do not show the clear distinction
between the vortices as the simulation results, because
the measurement threshold is constant over the cycle
and the lower velocities cannot be resolved in the
measurement.

It can be said that the simulation gives a fair rep-
resentation of the initial filling of the ventricle. Further
into the cycle discrepancies arise which probably
originate from the high level of uncertainty in the
representation of the actual geometry and boundary
conditions in the numerical model. To overcome these
limitations an in vitro validation experiment is planned
where the geometry and boundary conditions can be
accurately measured to engineering standards. Fur-
thermore it has to be noted here that the development
of the intraventricular flow is strongly dependent on
the inflow conditions and therefore on the choice of
upstream boundary conditions.
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0.0

FIGURE 9. Sensitivity to inflow conditions. Lines show A: velocity contours and vectors, flux measurement, B: projected
streamlines colored by velocity magnitude for the simulation with curved atrial geometry, C: projected streamlines colored by
velocity magnitude for simulation with straight atrial geometry. Column numbers corresponds to the MRI flux phases (see Fig. 5).

Sensitivity to Inflow Conditions

Flows like the one in the human ventricle tend to be
highly sensitive to changes in the boundary conditions.
Since the geometry and boundary conditions are taken
from clinical in vivo measurements we cannot clearly
asses the differences between reality and numerical
model. It is therefore interesting to check for sensitivity
of the flow to small changes in the numerical models.
In this case the model shows a high sensitivity to the
conditions upstream of the mitral orifice.

The numerical model used here shows reasonable
agreement with the flux measurement when compared
quantitatively and qualitatively (Fig. 9B). But our
experience and Long et al.*>' shows that the numerical
representation of the atrial tract via the boundary
conditions has a severe influence on the simulated flow
field. While Long et al.*' used pressure boundaries in
the valvular plane, we tried to alleviate the problem by
inclusion of a representation of the atrial geometry.
The actual atrial geometry was not available, so a

generic geometry was chosen in a way that the result-
ing circulation that is created in the atrium corre-
sponded to the measured flow field.

To evaluate the influence of the atrium on the flow
field in the ventricle we compared with the results
obtained from an older numerical model which uses a
different atrial representation that does not create a
rotational flow through the atrium.

Panel C in Fig. 9 shows the results from this model.
The flow pattern is distinctly different from the one
observed in panels A and B. The asymmetry of the ring
vortex is still governing the evolvement of the flow
pattern, but the main flow direction is anti-clockwise.
This result contradicts not only our own flux mea-
surements, but also some published measurement
results.'®!” From this comparison it seems, that the
atrial geometry plays a major role in the development
of the intraventricular flow dynamics and that a real-
istic representation of the atrium might be necessary to
correctly predict the intraventricular flow pattern. On
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the other hand the inclusion of the atrial geometry
increases the complexity of the model considerably and
only shifts the boundary condition dilemma to the
pulmonary vein. Further studies will have to show the
feasibility of this approach.

Structure of Intraventricular Flow

The structure of the intraventricular flow is visual-
ized in Fig. 10 by isosurfaces of 1, and streamlines.
The contour field displays the velocity magnitude in
the middle plane. In addition a schematic depiction is
shown in Fig. 11. In the schematic picture the rear half
of the vortex is shown, while in the 4, representation
the front half is visible. In the beginning diastole blood
enters the ventricle through the opening mitral valve.
The resulting jet flow develops into a ring vortex
(Fig. 10 phase 6). This initial vortex is born from the
jet shear layer that is rolled up by viscous forces
exerted from the resting fluid onto the jet core. This
process is well known from accelerated flow through
an anular orifice. Initially this ring vortex is nearly
symmetrical and corresponds to the shape of the val-
vular opening. In a symmetrical vessel the ring vortex
would keep traveling downstream in its symmetrical
shape and finally dissipate—possibly deformed by
instability waves. In our case the ring vortex originates

from a laterally displaced orifice and enters an asym-
metric ventricle. This leads to asymmetric growth of
the ring vortex in the course of the diastole (Fig. 10
phase 8) and finally the vortex is tilted to fill the
elongated shape of the ventricle (Fig. 10 phase 10).

The direction of the tilting is subject to boundary
conditions, especially the inflow direction and the
movement of the ventricle wall. In the left ventricle the
tilting direction is clockwise such that the left side of
the ring vortex stays in the upper part of the ventricle
and grows to fill most of it’s cavity and the right side
dives into the apex and aids in flushing the tip of the
ventricle.

This asymmetry in the vortex development seems to
be crucial for the function of the ventricle, since
without it the elongated shape cannot be flushed effi-
ciently as a symmetrical ring vortex would stay in the
wide part of the ventricular cavity leaving a stagnant
area in the apex. The understanding of the relation
between ventricular shape and motion and the asym-
metry of the developing ring vortex is important for
the understanding of the ventricular function as a
whole.

At the beginning of the systole the vortical struc-
tures are only partly dissipated and most of the rota-
tional energy pushes the blood toward the opening
aortic valve (Fig. 10 phase 1).

0.7

0.0

FIGURE 10. Flow structure in the left ventricle. Isosurface i, = —1000 and 3D stream lines on velocity contour. Numbering

corresponds to the MRI flux phases (see Fig. 5).

FIGURE 11. Schematic flow structure in the left ventricle. Numbering corresponds to the MRI flux phases (see Fig. 5).
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DISCUSSION

The type of flow structure seen in our simulations
(Fig. 10) corresponds to published experimental
results'®!” and from a physical point of view seems like
an efficient way to ensure low losses and good flushing
of the ventricle’s elongated shape. To understand the
complex interaction between the ventricular shape and
its motion, the atrial flow or ventricular inflow condi-
tions and the development of the initial ring cortex is
crucial in the understanding of the hemodynamical
function of the human heart.

As was shown in Long ef al.?' the intraventricular
flow is highly dependent on the inflow boundary con-
ditions.

Further validation of the complete numerical model
and boundary condition is therefore indispensable.
Since most of the discrepancy between numerical and
in vivo measurement results cannot be clearly attrib-
uted to flaws in either the model itself or uncertainties
in the measurement and segmentation an in vitro
experiment has to be designed in order to validate the
numerical model in full.

Our model does not include or simplifies several
aspects of the ventricular function. We will discuss
the expected impact on the validity of the simulation
results briefly.

The representation of the valves used in the current
study does not include any effect that the mitral valve
leaflets could have on the flow. Nonetheless the
agreement between the measured flow field and the
simulated one shows no discrepancy in the valve area.
This justifies the assumption that the healthy mitral
valve leaflet does indeed orient itself in the flow and
does not steer the flow or induce a tip vortex.

The error in the local radial velocity of the moving
wall boundary is very high, since the velocities are low
compared with the maximum spatial and temporal
resolution of the MRI data. In addition we do not have
any information on tangential velocity from the
twisting motion of the ventricle. Nonetheless we think
that the results can be used for this kind of simulation.
The friction boundary layers resulting from the twist-
ing motions are proportional to /v7/2, with T being
the cycle length and therefore are at most a few milli-
meters thick and the bulk flow dominates. It seems that
the twisting is not of fluid mechanical importance but
of mechanical importance since twisting of the muscle
highly increases the change of volume that can be
realized from a given contraction. Furthermore we
don’t include the topology of the endocardium which is
far from smooth, but cannot be resolved in the MRI.
The fluid dynamical effect of the endocardium struc-
ture has not been studied. Also not included are the
papillaries and trabeculae which will influence the flow

field in the later diastole to the effect that they will
increase the vortex breakdown.

The segmentation does not include the isovolumet-
ric phases of the heart cycle, but we don’t think that
this is important for the development of the flow field.
If the isovolumetric contraction is really isovolumetric
it won’t influence the flow in any way, since it will
result in an increase in pressure only. In a real situation
where the increase in pressure is not completely iso-
volumetric but results in a small contraction of the
ventricle and a displacement of fluid toward the val-
vular plane combined with a bulging of the mitral
valve this will definitely influence the vortex develop-
ment due to the deceleration of the vortex which will
increase vortex breakdown before systole begins. This
might slightly effect the flow pattern for the systole.

In summary we think that the simplifications made
in the model do not influence the development of the
inlet vortex in a severe way so the results can be used to
gain further insight into intraventricular flow. The
effect of the simplifications, especially neglecting the
dissipative effect of structures in the ventricle will
increase further into the heart cycle.

CONCLUSION AND OUTLOOK

We have shown a three dimensional numerical
model of the human left ventricular flow. The model is
based on state of the clinical use MRI measurements
and could therefore be used on a patient specific basis
without putting additional stress on the patient. The
model has been qualitatively validated by an overall
comparison between the simulated data and velocity
data obtained by additional flux measurement.

This study per se cannot be used for clinical pur-
poses. Before any clinical claims can be made a full
in vitro validation of the numerical model is necessary.
But it does demonstrate the capabilities of state of the
art CFD. In future such simulations could be used to
extract quantities that cannot be assessed in vivo, like
shear stresses, hemodynamic losses, and to derive
parameters that can be used to evaluate the function-
ality of the ventricle, which could be used as indication
whether or not medical intervention will be needed.

While the prospects are wide, we have also shown
that the realistic prediction of the intraventricular flow
pattern is only possible, if a correct representation for
the atrial geometry can be included in the numerical
model. It might therefore be necessary to extend the
current MRI sequences to include the atrium. While
the inclusion of the atrial geometry will pose other
challenges with respect to the definition of proper
boundary conditions, it will increase the overall fidelity
of the numerical models and make it possible to predict
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the intraventricular flow without generic adaption of
the atrial representation. Further studies will have to
show if this is a viable approach.
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